INTRODUCTION
Leptospirosis is a zoonosis of worldwide importance that affects rural and urban populations, especially in tropical and subtropical countries. It is caused by pathogenic leptospires that are transmitted by the urine of infected animals or bacteria-contaminated water and mud [12, 27, 43] . This disease causes reproductive disorders in production animals decreasing their productivity. The most significant clinical symptoms in cattle are abortions, stillbirth and infertility [24] . Cattle infected with the serovars Grippotyphosa and Pomona usually present apparent clinical manifestations and acute symptoms. On the other hand, animals infected with the serovar Sejroe, especially the serotype Hardjo, develop a chronic and subclinical disease associated with reproductive disorders [42] .
Domestic cats as well as other species of the Family Felidae seem to be resistant to leptospirosis [30] . However, it has been demonstrated under experimental conditions that cats may become infected by ingestion of infected rodents and contaminated water [38] . Synanthropic rodents of the species Rattus norvegicus, Rattus rattus and Mus musculus are the most important reservoirs of leptospires [7, 37] .
According to the Ministry of Health of Brazil, seven cases of human leptospirosis have been confirmed in the Fernando de Noronha Island. In 2005 and 2016, the infected patients died because of the disease [6] . In view of the above, the present study investigated the occurrence of Leptospira spp. infection in cattle, feral cats and rodents of the Fernando de Noronha Island, Brazil.
MATERIALS AND METHODS

Study area
The Fernando de Noronha Island is located between latitudes 3º45'S and 3º57'S and longitudes 32°19'W and 32°41'W; 545 km and 360 km far from Recife and Natal, capitals of the states of Pernambuco and Rio Grande do Norte, Brazil, respectively. It has an area of approximately 18.4 km 2 and constitutes the submerged part of a volcanic edifice currently inactive, which base rests 4,000 m deep in the Atlantic Ocean. Its climate is characterized by well-defined dry (August to March) and rainy (March to August) seasons [41] .
The Fernando de Noronha Island is not selfsufficient in food production; thus, several primary food items are imported from the mainland. The main economic activity in the Island is tourism, which has supplanted subsistence fishing. Agricultural activities are limited to small crops of leafy green vegetables, corn, beans, manioc and sugar cane. In the sixties, the Fernando de Noronha Island served as a quarantine area for cattle, water buffaloes, goats and sheep that were imported from India by a farmer from the state of Paraná, Brazil. Currently, there are small ranches of cattle, goats, sheep, pigs and poultry [1] . Domestic dogs and cats as well as feral cats are also present in the island, and there are large populations of three species of synanthropic rodents, the house mouse (Mus musculus), the black rat (Rattus rattus) and the Norway rat (Rattus norvegicus).
Cattle herd
The total number of cattle in the Fernando de Noronha Island is 88, which are distributed among 6 rural properties located in 6 different neighborhoods. The production systems are extensive or semi-intensive and there is only one dairy herd. None of the cattle herds has been vaccinated against leptospirosis and there are no records of zootechnical data, characterizing the rural properties as little technified.
Blood samples
Blood samples were collected from all 88 cattle of the Fernando de Noronha Island, 200 feral cats (Felis catus) and 150 rodents of both species, Rattus norvegicus and Rattus rattus. The cattle were restrained for blood collection and the blood samples (10 mL) were collected by either jugular or caudal venipuncture. The feral cats were trapped and anesthetized with ketamine hydrochloride 1 (Quetamina ® 10 g) and xylazine hydrochloride 2 (Xilazin ® 2%) intramuscularly and then 5 mL of blood were collected by cephalic venipuncture. The rodents were captured using live trap (Tomahawk traps baited with pineapple slices) distributed in several spots throughout the Island, and then anesthetized with ketamine hydrochloride 1 (Quetamina ® 10 g) and xylazine hydrochloride 2 (Xilazin ® 2%) intramuscularly. Subsequently, 3 mL of blood were withdrawn by cardiac venipuncture. The blood samples were placed in isothermal boxes containing reusable ice packs and sent to the Animal Surveillance Unit of the Fernando de Noronha State District (Núcleo de Vigilância Animal do Distrito Estadual de Fernando de Noronha) where they were centrifuged at 1120 g for 10 min. Subsequently, the sera were recovered into labeled Eppendorf ® tubes and stored at -20°C until further serological analysis.
Serological analysis
The serum samples were screened by the microscopic agglutination test (MAT) in the Laboratory of Transmissible Diseases (Laboratório de Doenças Transmissíveis), Federal University of Campina Grande (Universidade Federal de Campina Grande), Patos, state of Paraíba, Brazil, using a collection of 20 antigens, which serovars and serogroups are listed in Table 1 . Table 1 . Species, serovars, serogroups and samples of Leptospira spp. used in the MAT.
Species
Serovar Serogroup Sample
Initially all sera were screened at 1:100 dilution and those with 50% or more agglutination were titrated at two-fold geometric dilutions. The serum titer was defined as the reciprocal of the highest positive dilution. Occurrence was calculated considering the number of animals reactive to one or more serovars. Serovars with the highest titers were determined as the predominant. Prior to the serological analyzes, the antigens were examined under a dark-field microscope to check motility, auto agglutination and contaminants. Positive and negative sera were included in all analysis.
Spatial Distribution
The plane coordinates obtained by Global Position System (GPS) were used for developing a spatial map of the Fernando de Noronha Island. The GPS was set to provide the plane coordinates in the Universal Transverse Mercator (UTM) projection in the South American Datum, 1969 (SAD-69), which corresponds to the coordinate system of the cartographic base of the Island. The geo-referenced data were plotted in the ArcGIS 10.1 software, using the Kernel intensity estimator, a non-parametric technique that enables filtration of the variability of a data set, retaining the essential characteristics of local data. Color gradient depicts the density of cases per property from low (green) to high (red).
RESULTS
Occurrence and spatial distribution of Leptospira spp. infection in cattle
The overall occurence of Leptospira spp. infection in cattle of the Fernando de Noronha Island was 22.7% (20/88) ranging from 16.6% to 60% in the different neighborhoods ( Table 2 ).
The Kernel estimate for the number of reactive cattle in the Island is shown in Figure 1 .
The serogroup Icterohaemorrhagiae was responsible for 100% of the infections detected in cattle. The serovars Copenhageni and Castellonis were identified as well, but with lower antibody titers than those of the serovar Icterohaemorrhagiae for the same sample. The antibody titers of cattle ranged from 100 to 800 as shown in Figure 2 . 
Occurrence and spatial distribution of Leptospira spp. infection in rodents
Of the 150 rodent evaluated, 19 (12.7%) were reagent to different serovars of Leptospira spp. as shown in Table 3 .
The Kernel estimate for the number of rodents seropositive to Leptospira spp. in the Fernando de Noronha Island is shown in Figure 3 .
The rodent samples had 73.7%, 21.0% and 5.2% seroreactivity to the serogroups Icterohaemorrhagiae, Djasman and Australis (serovars Icterohaemorrhagiae, Djasman and Bratislava), respectively. All the rodents screened were reactive against only one serovar and their antibody titers ranged from 100 to 3200 (Figure 4) .
Occurrence of Leptospira spp. infection in cats
None of the 200 feral cats was reactive against any of the 20 Leptospira spp. serovars screened by MAT. 
DISCUSSION
This is the most thorough study on Leptospira spp. infection in animals of an insular environment performed in Brazil. Differently from the study previously performed, in which only dogs of the Fernando de Noronha Island were evaluated [3] , the present study included samples from all cattle raised in the Island, as well as feral cats and rodents.
In the present study, the occurrence of antiLeptospira spp. antibodies in cattle was 22.7%, which is lower than that found in other studies conducted in continental Brazil and Latin America. Researchers screened cattle samples from 21 Brazilian states by MAT and found 37.94% seroreactivity, on average [15] . Studies performed in other Brazilian regions reported occurrence rates ranging from 30.3% in the state of São Paulo [24] to 81.9% in the state of Goiás [18] . According to researchers [32] , in Latin America, the average occurrence of anti-Leptospira spp. antibodies in cattle is 44.2%.
In our study, the cattle samples were only reactive against the serogroup Icterohaemorrhagiae (serovar Icterohaemorrhagiae). In contrast, most of the studies carried out in other countries reported the serogroup Serjoe as the most prevalent in cattle [2, 9, 11, 17, 19, 20, 24, 26, 28, 32, 34, 39] . Cattle and sheep are maintenance hosts for the serovar Hardjo (serogroup Serjoe), which has a worldwide distribution, but has a low frequency in some areas of cattle breeding, especially in Scandinavian countries. The strains Hardjobovis and Harjoprajitno colonize and persist in the genital tract of infected cows and bulls, being responsible for venereal transmission and causing reproductive disorders in infected animals [13, 42] . The absence of the serovar Hardjo in the cattle of the Fernando de Noronha Island is likely associated to no contact with cattle from the mainland where this serovar occurs.
Several other serovars including Icterohaemorrhagiae, Canicola, Hebdomadis, Sejroe, Pyrogenes, Autumnalis, Australis, Javanica, Tarassovi and Grippotyphosa have been associated with infection in cattle in other countries. Severe disease is usually uncommon and is associated to accidental infection by the serogroups Pomona, Icterohaemorrhagiae and Grippotyphosa, especially in young animals. Clinical signs include fever, hemolytic anemia, hemoglobinuria, jaundice, occasionally meningitis and death [13] .
Researchers stated that despite the constant presence of the serovar Hardjo (serogroup Sejroe) in cattle, accidental infections by other serovars may occur as a result of indirect transmission by contact with leptospires shed by wild or domestic species [9] . The fact that 45% of the cattle reactive samples had an antibody titer greater than or equal to 400 ( Figure  2 ) corroborates with the assumption that cattle are accidental hosts of the serogroup Icterohaemorrhagiae.
This high serological response also demonstrates the poor adaptation of cattle to this serogroup [16, 40] .
Production animals were introduced in the Fernando de Noronha Island at the beginning of the last century. The cattle screened in the present study did not have contact with the animals from the mainland, being a population with peculiar genetic and management characteristics [31] . The predominance of the serogroup Icterohaemorrhagiae in the cattle herds of the Island is likely directly related to the infection in rodents, which were mainly infected by the same serogroup ( Figure 4 ) and are known reservoirs of Icterohaemorrhagiae. Rodents may shed leptospires through their urine and contaminate water and feed, which could be a potential source of infection to cattle. From an epidemiological point of view, the predominance of the same Leptospira serovar in both cattle and rodents is an important finding because it shows the low diversity of Leptospira spp. serovars and serogroups in the insular environment unlike what happens in the mainland where probably there are several sources of infection and reservoirs to other serovars.
As a prophylaxis measure, we recommend the vaccination of the cattle herds of the Island with commercial vaccines containing the serovar Icterohaemorrhagiae, in order to reduce the impact of acute leptospirosis, especially in calves, and the risk of transmission to humans.
The frequency of anti-Leptospira spp. antibodies in rodents was 12.7%, which is within the variation range found in other studies performed in Brazil: 0% in the state of Minas Gerais [4] to 100% in the state of São Paulo [29] . Similarly to what was observed in cattle, the most prevalent serogroup in the rodents of the Fernando de Noronha Island was Icterohaemorrhagiae (73.69%). Studies performed in continental Brazil also identified this serogroup as the most frequent in rodents [14, 10, 21, 22] , confirming these animals as the main reservoirs of the serovar Icterohaemorrhagiae (serogroup Icterohaemorrhagiae) [13] .
Besides the serogroup Icterohaemorrhagiae, 21.0% and 5.2% of the rodents also had antibodies against the serogroups Djasiman (serovar Djasiman) and Australis (serovar Bratislava), respectively. There is an extensive literature on leptospirosis in wild rodents; however, due to the large number of wild rodents and their distinct habitats, there is still a lack of information on rodents as carriers of leptospires and their clinical symptoms [13] . Most of the rodents reactive to the serovar Icterohaemorrhagiae (serogroup Icterohaemorrhagiae) (85%) showed an antibody titer of up to 200 (Figure 4 ) demonstrating the adaptation of rodents to this serovar [16, 40] .
According to the Ministry of Health of Brazil [6] , cases of human leptospirosis have been reported and confirmed in the Fernando de Noronha Island since 2005. According to the Epidemiological Surveillance Unit of the Island, the most prevalent serogroup in humans is Icterohaemorrhagiae demonstrating the importance of rodents in the dissemination and transmission of leptospires from this serogroup to humans in the Island.
The results found in the present study corroborates with the studies of researchers [8, 33, 44] who have previously shown the importance of different animals in the epidemiological cycle of leptospirosis in oceanic islands.
None of the 200 feral cats was reactive against any of the 20 Leptospira spp. serovars tested. Similar results have been described by researchers in the state of Minas Gerais [33] and in the state of São Paulo, Brazil [25, 36] . However, some researchers [5, 35] reported anti-Leptospira spp. antibodies in 5.43% and 22.6% of the surveyed cats in the states of Paraíba and Minas Gerais.
The entry and exit of companion animals such as cats in the Fernando de Noronha Island is controlled by the Epidemiological Surveillance of the Fernando de Noronha State District. However, the population of feral cats has grown wildly out of control over recent years, despite continuous control attempts, being a public health issue due to the zoonotic diseases carried by cats [23] . Although feral cats prey on rodents and 12.6% (19/150) of the rodent screened in the present study were positive for anti-Leptospira antibodies, none of the 200 feral cats evaluated were seropositive at the time of sampling, likely because cats are more resistant to leptospirosis than other animals [30] . Nevertheless, feral cats can not be ignored in the transmission cycle of leptospirosis, because at some point they may shed this bacterium in their urine and act as a source of infection to other animals and humans as already shown in experimental studies [38] .
The Kernel estimate of the occurrence of seroreactivity of cattle and rodents to Leptospira spp. in the Fernando de Noronha Island showed that the infection foci are dispersed throughout the entire area where cattle are raised as well as at all rodent sampling sites. Therefore, better sanitary practices must be implemented in all cattle herds, as well as control of the rodent populations throughout the island.
CONCLUSION
This is the first report of occurrence of antiLeptospira spp. antibodies in cattle and rodents of the Fernando de Noronha Island, Brazil; Icterohaemorrhagiae was the most predominant serogroup in both group of animals. Considering the human cases of leptospirosis reported and confirmed in the Island, we believe that rodents and cattle play an important role in the dissemination of this disease. Therefore, strategies aimed at better sanitary management of the cattle herd as well as population control of rodents must be implemented in the Fernando de Noronha Island to secure a more sustainable animal production and to minimize the risks to public health. Funding. This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.
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